Abstract. In this article, we propose a software solution to study HMI of electric and hybrid electric vehicles in vehicle simulators. We will start with the description of a development process of a physical model for HEV simulation in IGNITE software and equation-based language Modelica. A short introduction to the language, its possibilities, and explanation, why it is more suitable for the development of such models (vehicle powertrain), are presented in the first part of the article. A fusion mechanism of the physical engine with the model by means of FMU (Functional Mock-up Interface)[1] is also described in this part The second part is dedicated to the description of the model constructed in third party software IGNITE. This model has a detailed calculation of energy consumption and energy flow based on the selected control strategy. The last part of the article describes a possible experiment methodology.
Introduction
Electric and hybrids vehicles are slowly gaining popularity not only because it can help to reduce CO2 emissions and improve the environmental situation in big cities [2] , but because of the rapid development in the area of electric motors batteries and Fuel Cells technologies. During the latest Paris Motor Show (2016), both VW and Mercedes Benz claimed to have overcome so far minimal acceptable limit of their pure EV (300 km is a minimal range acceptable by the user when considering to switch from conventional cars to EV or HEV [3] ) almost twice. This can be achieved because of the new EV and charging architecture developed by companies [4] .
Additionally, the ambitions of the automotive industry to introduce semi-autonomous and, later, fully autonomous vehicles on public roads before 2020, puts an extra urgency into design and evaluation of HMI technics for such vehicles.
User vehicle interaction is shifting to a new, so far, unstudied area with familiar knobs and gauges are being substituted with touchscreens, menus, and voice interactions [5] .
The notion of "familiar" car is slowly vanishing, putting a new driver (user) in a position where he has to learn how to drive a vehicle all over again if he switches the brand. This become even more crucial if we take into account that car sharing is slowly substituting car ownership [6] .
The processes of development, design, and evaluation of HMI is to adapt to this rapidly changing environment. An efficient way of assessment of vehicle interfaces at different stages of their development can be achieved by testing it in a simulated environment. A model of an interactive EV and HEV driving simulator with a possibility of rapid adaptation to vehicle type or architecture, with an accurate simulation of the powertrain components developed in Modelica language, is hereby suggested.
Modelica programming language
Modelica is an open source object-oriented language for modeling of massive, complex systems. It is suited for multi-domain modeling (including electrical, physical, thermal, mechanical and other domains), additionally, it can be used for hardware-in-the-loop simulations and for embedded control systems [7] Models in Modelica are mathematically described by differential, algebraic and discrete equations. From a user perspective, models are described by schematic object diagrams). The internal part of a component is defined by another schematic or on a lower level, by an equation-based description of the model in Modelica syntax. An example of such a model is shown in Figure 1 .
Components can be combined in a complex model by drawing connection lines between "connectors". Connectors describe the interaction possibilities (electrical pin, mechanical flange, or an input signal.
Regarding development time for complex models, Modelica language is on average, twice as fast as any other technics in proprietary code or in any other block modeling languages. This is explained by several factors:
• A developer does not have to manually derive relationships between inputs and outputs between subsystems models in Modelica are mathematically described by differential, algebraic and discrete equations. No particular variable needs to be solved for manually
• Modelica code has been developed since 1996 so a lot of subsystem components have been already developed and available for public
• Implementation time and complexity is the same as for any Block modeling language All these points are summarized in Figure 2 .
As mentioned above this puts Modelica language ahead of others, especially when dealing with simulation of such a complex and multidisciplinary system as hybrid and electric vehicle powertrain. Integration of the model in the virtual world creates a new engineering task which can be solved with an application of the FMI (functional mock-up interface standard).
Function mockup interface
Functional Mock-up Interface (FMI) is a standard to support both model exchange and co-simulation of dynamic models developed in different independent tools, its primary goal is to support the exchange of simulation models between suppliers and OEMs, providing a possibility to protect product knowledge, which could be recovered from these models.
This standard is going to be used to perform a simulation of the EV or HEV powertrain inside a physical world simulated in ODE or Bullet physical engine. 
Model creation and validation
A lot of commercial software available on the market are using Modelica as a simulation language, and either already have, or are planning to implement FMU import/export routine. One such software is IG-NITE, developed by RICARDO Software. IGNITE is a physics-based system simulation package focused at complete vehicle system modeling and simulation. It consists of set of libraries containing vehicle and thermal system components such as engine, transmission, controllers, motors and e.t.c.
These components allow faster and easier modeling and parameterization of a powertrain system for any type of vehicle, and a simulation of temperature dependent systems, which will allow further possibilities to simulate HVAC and battery management of HEV and EV. Creation of a model of HEV in IGNITE is a straightforward process that consists of several steps [8] :
(1.) Collect all necessary vehicle information (tires, aerodynamics, mass etc.). Vehicle manufacturer usually provides this data in technical documentation.
(2.) Collect powertrain information (gear efficiencies, shifting maps, engine and electric machine maps and battery characteristics). This data can either be obtained from the automaker directly on request or derived from an experimental data mathematically. • Parametrize the model with collected data.
• Run test cases to validate the model.
• Turn the conventional model into a hybrid -add hybrid components (Electric motor, battery, controller).
Validation of the model cacan be performed using standard driver cycles, for instance, NDC or FTP72, results obtained from the simulation on the drive cycle should be compared with an experimental data or analyzed analytically. Results of the simulation contain comprehensive data for every model component and provide the possibility to perform this analysis. An example of the validation for a P2 hybrid with 1.4L TSI motor and 25 kW electrical motor is shown in Figure 5 . The simulation showed an average fuel consumption of 4.3 L/100km, which is equivalent to 100 g/km CO2 emissions on NEDC drive cycle for this model. These results closely corelate with the experimental date for similar vehicles. This validation was performed during the development stage of the hybridmodelt at Ricardo P.L.C.and described in details in [8] . 
Integration of FMI into the simulator
Once the model was created and validated, it has to be modified, to perform a simulation with a physical engine. As we are interested in the interactive simulation for the purpose of HMI evaluation, we need to provide the means of control for a driver to interact with the model. At least 3 inputs have to be vol. / Simulation of Electric and Hybrid Vehicles in a Vehicle Simulator introduced to provide a longitudinal control of the simulated vehicle to the user. These inputs are:
• Acceleration demand (Acceleration pedal position <0,1>).
• Break demand (Brake Pedal Position <0,1>).
• Current Vehicle Velocity.
Velocity input provides a feedback of an actual speed of the vehicle simulated in the ODE (Open Dynamic Engine) simulation environment, which is calculated there with respect to elevation grade, tire/road contact friction, collisions, bumps etc.
As a direct output, an applied wheel torque should be obtained from the model, this torque is applied to the physical model of the vehicle in the ODE or Bullet physical engine which is simultaneously handling latitudinal behavior. All other losses (Aerodynamic, acceleration, internal and rolling losses) are calculated in IGNITE model directly.
For the purpose of HMI simulation, we have to obtain additional outputs from the model to simulate gauges and control element of HEV. These inputs are:
• State of Battery charge SoC.
• Engine speed.
• Electric machine engine speed.
• Battery temperature.
• ICE state.
These outputs can then be further processed to be displayed on a virtual gauge or in any other graphical form. The architecture of this simulation environment is shown in Figure 7 . 
Possible experiments with detailed consumption model
After the vehicle model and simulation environment has been created, an experiment itself should be designed. We can look at four possible types of experiments with EVs and HEVs:
• Experiments aimed at determination of general user acceptance of HMI and its efficiency.
• Experiments aimed at study of acceptance and effect of particular HMI element.
• Experiments aimed at comparing different HMI.
• Experiments aimed to determine preferred system types of notifications per different kinds of events.
Even though any of these types of experiments should be adapted to a specific requirement, one may distinguish ten high-level steps essential for any type of experiment. (Janssen at al. 2004): (1.) To determine the goals of evaluation in terms of usability, safety, workload, acceptability, time frame.
(2.) To describe a system (systems) which will be tested during the experiment.
(3.) To define a high-level scenario (scenarios) in terms of road type, and conditions, visibility, traffic type and actors, tasks, and goals.
(4.) Define the subject testing cohort in terms of amount, age and experience group.
(5.) Define subjective and objective evaluation parameters and instruments for data acquisition.
(6.) Develop experimental instruction for both participants and experimenters.
